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Abstract 
Recovery of heavy metals from industrial waste streams is becoming an important 
challenge due to increasing wastewater production. Chelating resins provide an 
effective treatment for selective adsorption of metals. Several analytical techniques can 
be used to assess the adsorption performance, but LIBS offers the unique advantage of 
in-process continuous monitoring. In this work, LIBS measurements of copper and 
nickel spectra were performed on single and bi-component resin samples. Single 





=0.98 respectively). Bi-component resin measurements reveal good












concentration prediction being 4.69% and 7.98% respectively. From the calibration 
curves, the prediction of concentration shows a high correlation with the real values (R
2
 
= 0.99 for copper and 0.98 for nickel). 
 
Keywords 




With the rapid development of modern industry and agriculture, waste treatment has 
been an important issue to take into account. A huge quantity of industrial wastewaters 
contaminated with toxic compounds like heavy metals are generated and discharged 
every year by metallurgy and electroplating industries, mining, pesticide manufacturing, 
etc.1,2,3 Recovery of valuable compounds from industrial wastes provides economic and 
environmental benefits, in particular, the selective recovery of metals from wastewaters 
is an important strategy to minimize raw material and natural resource consumption, as 
well as to avoid environmental contamination. One common type of industrial 
wastewater is spent acid solutions, considered hazardous wastes due to the presence of 
high concentrations of acids and transition metals, such as nickel and copper. The 
selective recovery of target metals is complicated in most of cases because the metals 
are dissolved together with large amounts of iron in different concentration levels. The 
main treatment technologies that have been used in metal content reduction from 


























amounts of toxic solid residues that would finally be disposed of as hazardous wastes in 
landfills with high related costs
16
. Recently, adsorption methods have received 
considerable attention and the development of high-performance adsorbents for 
removing heavy metal ions from wastewater is considered a research priority in the 
environmental field
2,17
. Polymer-based ion exchange resins constitute a well-
established, environmentally friendly technology that has found increasing application 
over the last decade given its high selectivity, lack of sludge production and the 
recovery of valuable metals. Moreover, ion exchange resins are available 
commercially
18,19
 for almost any separation process. In hydrometallurgy, ion exchange 
technology is applied in wastewater treatment, in uranium recovery, in separation the 









. Chelating ion exchangers are a subgroup or ion 
exchange resins. These resins are microporous organic materials composed of 
coordinating copolymers that have been developed especially for transition metal 
separation as their functional groups consist of one or more donor atoms such as 
nitrogen, sulphur, and oxygen (Lewis base) and act as ligands in the presence of certain 
types of cations (Lewis acids)
19,21,22
. The functional groups contained in the polymeric 
structure provide the properties of selectivity and adsorption capacity that are the most 
important characteristics of chelating resins 
23
. These resins display a wide range of 
selectivity values towards transition metals, which depend on the different stabilities of 
metal complexes at the required pH conditions
2
. Typically, chelating exchange resins 
facilitate increased adsorption rates, efficiencies, and surface areas when compared to 
ion exchange resins
24
, thus, chelating resin treatment is one of the most effective and 














Monitoring dynamic changes in the composition of elements adsorbed by chelating 
resins could be interesting for continuous waste treatment processes. Many 
spectroscopy techniques can be used for elemental analysis in solid samples; however, 
time-consuming sample preparation is usually required. Therefore, a real-time analysis 
technique would be an appropriate solution for monitoring chelating resin adsorption.  
Laser-induced breakdown spectroscopy (LIBS) is an atomic emission spectroscopy used 
for quantitative or qualitative elemental analysis
26
, based on spectral analysis of the 
radiation emitted by plasma generated with the material ablated from the target
27
. Since 
each element has a unique emission spectrum, the elements present in the sample can be 
identified by their “chemical fingerprints”. The LIBS technique is characterized by its 
multiple advantages. It is versatile, non-contact and practically non-destructive, but the 
biggest advantage of LIBS is its ability to analyse in almost real-time any type of 
material with minimal sample preparation. The number of fields in which LIBS can be 
applied is increasing every year and there are also major applications for which the 
analytical features of LIBS seem to fit the requirements perfectly. These fields include 
industry-oriented analysis, mining, archaeological and cultural-heritage applications, 
applications under extreme conditions (submarine measurements, spatial missions on 
Mars, etc.), biological and biomedical subjects, environmental sciences, etc.
28
 
In previous work, nickel and copper qualitative LIBS analysis was carried out in 
chelating resins
29
. In this study, the LIBS technique is applied to chelating resins for 
metallic adsorption, to verify the feasibility of measuring copper and nickel 
concentration in environmental applications for wastewater treatments. The ability of 












for further in-process dynamic studies of copper and nickel recovery in spent sulphuric 
acids solutions.  
 
2. Materials and methods 
2.1. Materials and sample preparation 
The different experiments performed with synthetic solutions were prepared by 
dissolving  i         (Scharlab, S.L., Barcelona (Spain))  u         (Panreac, 
Barcelona (Spain)) in deionized water, to simulate the composition of spent acids in 
terms of nickel and copper (average composition in Table 1). When needed, the initial 
pH of the solution was adjusted using sodium hydroxide 5 mol/L (    , Panreac) and 
sulfuric acid (95-98%, Panreac). All reagents used were analytical grade.  
Table 1. Average composition of the sulphuric-based spent acids 





















 < 10 
Sn
+2































The chelating resin used in this work was Puromet™ MT 9 00 (Figure 1) 
functionalized with bis-picolylamine group (Bis-PMA)
30
 that can form coordinate bonds 
with most of the toxic metal ions via Lewis acid-base interactions. It consists of 
polystyrene crosslinked with divinylbenzene with particle sizes in the range between 
425 and 1000  m and particle density 800 g/L. It is a highly selective resin for transition 
metals such as nickel, cobalt and copper even at low pH, making it appropriate for 
removal of these elements from solutions with high metallic content
19,31
. Specifically, 
this commercial resin was confirmed to be an effective adsorbent for the removal of 




Figure 1. Bis-PMA chemical structure. 
Using synthetic solutions, the nickel and copper adsorption performance of the 
chelating resin Puromet™ MT 9 00 was evaluated by contact during 3 h (time needed 
to reach equilibrium conditions) 5 grams of resin per 12.5 mL of liquid phase. The 
initial pH of the experiments performed was adjusted to 2.0. Once equilibrium was 
reached, the solution and the resin were separated and the supernatant liquid 
characterized in terms of metal concentration using a microwave plasma atomic 
emission spectroscopy instrument 4210 MP-AES (Agilent Technologies, Santa Clara, 
Ca, USA). After obtaining the concentration of nickel and copper in the liquid phase, 
the solid phase concentration was calculated performing a mass balance. The solid 
phase, i.e., the resin particles, was dried with blotting paper and a hot air stream to 












tape. After gluing the resin particles, the samples were ready for later measurement with 
the LIBS setup. 
2.2. Experimental setup 
The LIBS setup basically comprises a pulsed laser source to ablate the sample and a 
spectrometer to collect and analyse the atomic emission spectra from the plasma. The 
laser source is a double-pulsed Nd:YAG (Lotis LS-2134D) operating at a wavelength of 
1064 nm with a 10 Hz repetition rate. Due to the physical characteristics of the samples 
(small and spherical particles shown in Figure 2), the experimental conditions in terms 
of laser energy have been carefully chosen. An excess of laser energy could easily 
destroy the resin particles after a single laser shot, so it was set to 40 mJ of energy per 





Figure 2. Microscopic image of chelating resin loaded with copper and nickel  
The laser beam was focused on the sample with a 75 mm fused-silica focal lens. The 
spot diameter of the focused laser beam was  00  m. The light emitted from the plasma 
generated on the sample surface was captured by a collimating lens and conducted to 
the spectrometer through a set of two optical fibres. One was a fused silica, solarization 












up of a bundle of eight optical fibres, each one with a 200 micron core diameter, and a 
total diameter for the bundle of around 800 microns. The spectrometer used in this study 
is an eight-channel Avantes ULS2048-USB2-RM spectrometer. The spectral range is 
from 178 to 889 nm with variable resolution (from 0.015 nm to 0.06 nm) depending on 
the channel and wavelength. 
The setup is fully automated with an XYZ positioner, through-lense imaging and an 
autofocus system based on image processing. A moving platform was used to obtain 
measurements of different resin spheres in the sample and to check that the top surface 
of the resin sphere was focused exactly at the focal point of the LIBS system (Figure 3). 
 
Figure 3. Schematic diagram of the LIBS experimental setup. 
In this experiment, the capture delay was set several microseconds before the laser pulse 
in order to ensure that the plasma emission was captured from the beginning of its 
formation. The integration time was 1ms (minimum capture window for this 
spectrometer). With this configuration, the entire duration of the plasma emission was 












particles of each resin sample, averaging 17 consecutive laser pulses per particle. Every 
sample was measured twice. 
For quantitative analysis, a calibration curve should be obtained in order to relate the 
measured spectral line intensities to the concentration of the elements of interest in the 
samples, in this case, copper and nickel. The peak intensities were normalized against a 
matrix element from the polymeric resin. In these experiments, the peak of Carbon at 
247.8nm (C I) was chosen for normalization, as a consequence, the ratio Cu/C and Ni/C 
was chosen for quantification. 
3. Results and discussion 
Spectra for both copper and nickel-loaded (after exposure to acid solutions) resins were 
collected in order to select lines for further calculations. Resins loaded with copper 
showed a small number of copper peaks in their spectrum, as well as carbon, oxygen 
and nitrogen peaks from the resin matrix composition. In nickel-loaded resin spectra, 
several nickel peaks appeared at the same time as resin peaks. The sensitive lines for the 
aforementioned elements were identified using standard data published by NIST for 
elemental analysis. Copper (Cu I) line 521.8 nm and nickel (Ni I) line 352.4 nm were 
selected for quantification. Carbon (C I) line at 247.8 nm was selected for 













Figure 4. The raw LIBS spectra of blank resin and (a) resin particle loaded with Cu 
and (b) resin loaded with Ni and the peaks selected for quantification. 
 
To calculate the intensity ratios between the metal and the carbon peaks, the integrated 
area (background subtracted) of the emission peaks was used to obtain the ratios.  
 
3.1. Calibration curve for copper and nickel 
LIBS spectra of different Cu and Ni resin samples were recorded in order to calculate 












obtained by relating the intensity ratios among the metallic element peaks and the 
matrix carbon peak with the sample concentrations. A fitted calibration curve will 
enable prediction of Cu and Ni concentration of unknown samples. In Table 2, the 
concentrations of each measured sample are shown.  





Cu in resin 






Ni in resin 
(g Ni/ kg dry resin) 
1 0.5 2.78 1 1 5.56 
2 1 5.56 2 3 16.67 
3 1.5 8.33 3 5 27.78 
4 2 11.11 4 7 38.89 
5 2.5 13.89 5 9 40.4 
6 3 16.67 6 11 44.35 
7 7.5 42.03 7 20 63.28 
8 8 43.94 
9 10 52.62 
10 12 62.22 
Two different calibration curves, one for each metal, were obtained. For each 
concentration, the ratio 352.4 nm/247.8 nm for Ni, and 521.8 nm/247.8 nm for copper, 
were calculated, and the resulting calibration curves are shown in Figure 5. Limit of 
detection (LOD) was calculated for both elements according to equation 1.
32
  
    
    
 
  (1) 
Where    is the standard deviation of the background and b is the is the magnitude of 













Figure 5. Calibration curves for copper (a) and nickel (b). Error bars represent standard 
error of the mean (SEM). From the calibration curves, the limit of detection (LoD) has 
been calculated for both copper and nickel. RSD for both experiments has a similar 
value of 15.5%. 
The R
2
 values for the Cu and Ni calibration curves were 0.993 and 0.985 respectively. 
These curves show a good linear relationship between the LIBS signal and the actual 
value of Cu concentration, being a little lower for Ni. These results show the suitability 
of these calibration curves for the measurement of concentrations of one-component 
samples. 
3.2. Bi-component samples 
In order to observe how the intensities of copper and nickel peaks are influenced by the 
presence of the other element (i.e. matrix effects), mixed resins samples with both 
metals were prepared . For this purpose, 5 samples were prepared by varying Cu 
concentration with a constant Ni concentration, and, on the other hand, Cu 
concentration was fixed while Ni concentration was varied. In Table 3 and Table 4, the 
concentrations of the mixed solutions of copper and nickel in each experimental set of 












Table 3. Concentration of bi-component samples to study the influence of nickel 








Cu in resin  
(g Cu/ kg dry resin) 
Ni in resin  
(g Ni/ kg dry resin) 
1 2 4 11.11 22.22 
2 3 4 16.67 22.22 
3 4 4 22.22 22.22 
4 5 4 27.78 22.22 
5 6 4 33.33 22.22 
 
Table 4. Concentration of bi-component samples to study the influence of copper 








Cu in resin  
(g Cu/ kg dry resin) 
Ni in resin  
(g Ni/ kg dry resin) 
1 4 2 22.22 11.11 
2 4 3 22.22 16.67 
3 4 4 22.22 22.22 
4 4 5 22.22 27.78 
5 4 6 22.22 33.33 
 
The evolution of the copper intensity ratio with the real copper concentration can be 
observed in the presence of a constant nickel concentration of 22.22 g/kg dry resin. In 
Figure 6a, this relation is clearly linear with a regression coefficient of 0.98. The 
presence of nickel in the resin sample does not affect the linear correlation between 













Figure 6. Relation between intensity of Cu/C ratio and Cu concentration while Ni 
concentration is fixed (a), when Cu concentration is fixed and Ni is increasing (b). Error 
bars represent standard error of the mean (SEM). The mean RSD of the measurements 
was 47.8% (a) and 18.1% (b) 
 
On the other hand, when Cu concentration is constant at 22.22 g/kg resin, it can be seen 
that the ratio intensity of copper is not affected by the growing presence of nickel. The 
Cu/C ratio is supposed to be constant at a constant copper concentration. This trend is 
exhibited in figure 6b, which shows Cu/C ratios with small variation due to the intrinsic 
LIBS fluctuation. 
In the case of nickel concentration estimation for a fixed copper concentration, it can be 
observed that the nickel ratio is linearly dependent on the real Ni concentration. In 
Figure 7a, the Ni/C ratio increases when nickel concentration increases with a 













Figure 7. Relation between the intensity of Ni/C ratio and Ni concentration while Cu 
concentration is fixed (a), when Ni concentration is fixed and Cu is changing (b). Error 
bars represent standard error of the mean (SEM). The mean RSD of the measurements 
was 13.3% (a) and 12.5% (b). 
 
Figure 7b shows the evolution of the Ni/C ratio at a constant Ni concentration when Cu 
concentration is increasing. As previously stated in the case of the copper ratio, the 
value of the Ni/C ratio, when the nickel concentration is constant, should not vary with 
the copper concentration. In this figure, the Ni/C ratio has some small variations about a 
constant value around 0.5, which are probably due to intrinsic LIBS fluctuation. 
After observing the behaviour of both metals, it can be concluded that the presence of 
another metal does not affect the intensity of the measured metal ratio in either case. 
 
3.3. Concentration prediction 
After establishing the individual calibration curves of nickel and copper, it is necessary 
to test the accuracy of the predictions for bi-component samples. Binary mixture 
measurements were tested giving the following results. 
Table 5. Predicted concentration of copper in bi-component samples with a fixed nickel 














concentration in resin 
(g Cu/ kg dry resin) 
Predicted concentration 
(g Cu/ kg dry resin) 
Relative error 
(%) 
1 11.111 11.979 7.81 
2 16.667 15.308 8.15 
3 22.222 23.222 4.50 
4 27.778 27.248 1.91 
5 33.333 33.683 1.05 
  
Mean error (%) 4.69 
 
In Table 5, the real concentration of copper in presence of a nickel concentration of 
22.22 g/kg resin is shown together with the predicted concentration based in the 
individual copper calibration curve. At first sight, the concentrations obtained by 
employing the calibration curve are quite precise, showing a mean prediction error of 
4.69%.  
Concerning the nickel concentration prediction, while copper concentration is set to 
22.22 g/kg resin, Table 6 indicates the predicted nickel concentrations obtained from the 
individual nickel calibration curve applied to bi-component samples. The mean error of 
the prediction is 7.98%.  
A trend towards reducing the relative error can be observed when the metal 
concentration increases, for both copper and nickel concentrations. 
Table 6. Predicted concentration of nickel in bi-component samples with a fixed copper 
concentration of 22.22 g/kg dry resin. 
Sample 
Real Nickel 
concentration in resin 
(g Ni/ kg dry resin) 
Predicted concentration 
(g Ni/ kg dry resin) 
Relative error 
(%) 
1 11.111 9.812 11.69 
2 16.667 18.584 11.50 
3 22.222 24.577 10.60 
4 27.778 27.255 1.88 
5 33.333 34.742 4.22 














Correlation figures 8 and 9 provide a visual impression of the accuracy of the 
concentration prediction. Real concentrations versus predicted concentrations are 
presented for copper and nickel predictions. It is noticeable that predicted and real 
concentrations are highly correlated (0.99 for Cu, 0.98 for Ni).  
 
Figure 8. Correlation between real and predicted copper concentration. 
 
  














This work studies the suitability of LIBS for measuring nickel and copper concentration 
in selective chelating resins for metal recovery in wastewater applications. Individual 
nickel and copper calibration curves show a high correlation (0.99 and 0.98 
respectively) between the real concentration of the metal adsorbed in the resin, and the 
ratio between the metal and carbon peak intensity signals. These results make the curves 
suitable for predicting concentrations in single-component-loaded resins. The influence 
of the presence of another metal adsorbed on the prediction of the concentration has also 
been studied. Nickel presence in copper concentration and vice versa does not affect 
how the intensity ratios depend on concentration. In terms of prediction accuracy, the 
mean relative error of copper concentration prediction was 4.69% and it was 7.98% for 
nickel prediction. The calibration curves for single-component resin provide a good 
concentration prediction based on intensity of Cu and Ni peaks when measuring bi-
component charged chelating resin. The correlation between predicted concentration 
and the real concentration of copper and nickel was found to be good enough to perform 
analysis of unknown chelating resin samples with regression coefficients of 0.99 for 
copper and 0.98 for nickel concentration. Spent acids contains several additional metals 
in the composition such as aluminium, zinc or iron. Typically, iron peaks are usually 
very numerous on LIBS spectra; therefore, regarding the good prediction in bi-
component resins, in further studies, the influence of these elements on copper and 
nickel signal will be studied by using chelating resins loaded with real spent acids. 
Future work will also focus on in-process dynamic studies of copper and nickel 
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 Generation of industrial wastewaters containing heavy metals is growing 
 Chelating resins absorption is an effective treatment for heavy metals recovery 
 LIBS offers the advantage of continuous monitoring the absorption process 
 LIBS measurements of Cu and Ni on single and dual resins samples were 
performed 
 Prediction of concentration is highly correlated with real values (R2 > 0.98) 
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